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Biomimetismlcium phosphate-based biomaterials for bone repair is an emerging route for
improving bone regeneration processes. One way for such activation is through the exchange of surface
calcium ions with biologically-active cations such as Mg2+ or Sr2+. In this work, the interactions of non-
carbonated and carbonated nanocrystalline apatites with Mg2+ and Sr2+ were investigated by means of ion
exchange experiments in solution. Langmuir-type isotherms were determined. For both Sr and Mg, a greater
uptake was observed on the carbonated sample, and on both types of apatites the maximum strontium
uptake was greater than that of magnesium. Inverse exchanges showed that the proportion of reversibly
ﬁxed ions after surface exchange was close to 85% for Mg and 75–80% for Sr. The results are related to the
presence of a surface hydrated layer on the nanocrystals and possible exchange mechanisms are discussed.
Our results favor the hypothesis of hetero-ionic surface exchanges (Mg2+↔Ca2+, Sr2+↔Ca2+) within the
hydrated layer, and some analogy with octacalcium phosphate (OCP) is considered. This work should prove
helpful for the control and understanding of the activation of synthetic apatite-based powders or scaffolds
with bioactive elements, as well as for the global understanding of biomineralization processes.1. IntroductionApatitic calcium phosphates are major constituents of the mineral
part of hard tissues [1]. These compounds can be described by the
general formula:
Ca10−ðx−uÞðPO4Þ6−xðHPO4;CO3ÞxðOH; F;…Þ2−ðx−2uÞ
with 0≤x≤2 and 0≤2u≤x. One of their speciﬁcities is their great
compositional ﬂexibility, enabling to accommodate large numbers of
ionic substituents and vacancies [2].
The bone mineral, especially in the case of young bones, is
composed of non-stoichiometric nanocrystalline apatites. It was
shown that such biological and synthetic apatites involved “non-
apatitic” chemical environments, such as labile carbonate and HPO42−
ions [3,4], most probably located on a hydrated layer at the surface of
the nanocrystals [5–7]. Some structural features of nanocrystalline
apatites, drawn from spectroscopic data, were found to be related to
dicalcium phosphate dihydrate (DCPD) and octacalcium phosphate
(OCP) [8]. Interestingly, these two hydrated phases exhibit the lowest
surface tensions among several calcium orthophosphates tested [9],
and the presence of a hydrated layer on nanocrystalline apatites could
contribute to the reduction of their surface energy [10].+33 5 62 88 57 73.
ouet).Biological apatites are known to have the capacity to exchange
surface ions with the surrounding ﬂuids [11], and the surface can be
considered as a reservoir for mineral ions, capable of both ﬁxing and
releasing them as needed for the accomplishment of primary
biological functions. Among such ions, Mg2+ and Sr2+ are of particular
interest. Indeed, magnesium is one of the most abundant foreign
elements in biological hard tissues [12] and it affects their formation
and overall properties [13]. Strontium, a minor constituent of bone,
has been shown to play an important role in biological processes such
as homeostasis and in the treatment of some pathologies [14]. Thus,
Marie et al. [15] showed that strontium exhibited clear pharmacolo-
gical effects on bone, including antiresorptive and anabolic activity,
which indicate a potential interest for the treatment of osteoporosis
and other osteopenic pathologies.
Although cationic substitutions into the apatite network have
extensively been studied in the literature, very few data are available
concerning ion exchanges on biomimetic calcium-deﬁcient nanocrys-
talline apatites. Yet, these compounds are of primary importance in
the biomedical ﬁeld since they mimic bone mineral, and they exhibit
numerous features that greatly differ from a stoichiometric, well-
crystallized apatitic network, especially concerning the nanometer
dimensions of the apatite crystals and the presence of a hydrated layer
on the surface of the nanocrystals.
A preliminary work [7] showed that magnesium and strontium
ions could be taken up on nanocrystalline apatites during their
maturation in solution, which is related to the evolution of thermo-
dynamically unstable non-stoichiometric apatites toward better
crystallized apatites, accompanied by a reduction of the extent of the
surface hydrated layer on the nanocrystals [16]. Most of the
magnesium taken up was then found to be reversibly ﬁxed,
independently of thematuration stage of the apatites. On the contrary,
the amount of reversibly ﬁxed Sr2+ ions decreased noticeably with
maturation in a Sr-containing solution. These ﬁndings suggested that
Mg remained mostly on the surface of nanocrystalline apatites
whereas Sr was progressively incorporated into the growing apatitic
domains of the nanocrystals.
In the present paper, in contrast to previous literature reports,
biomimetic apatites were ﬁrstly synthesized, matured and freeze-
dried, and the powders were then contacted with Mg2+ and Sr2+ ions
in a second step. This sequence was selected here in order to mimic
the post-treatment procedures that can be used by manufacturers for
the post-activation of apatite-based materials with Mg2+ or Sr2+ ions.
In this work, the interaction of such ions with nanocrystalline apatites
is studied through fast ion exchange experiments and the Ca2+→Mg2+
and Ca2+→Sr2+ exchange isotherms are determined for a carbonated
and a non-carbonated sample. The exchangeability of Mg2+ and Sr2+
ions is also investigated in order to evaluate the amount of ions
potentially available for interactions with surrounding ﬂuids in vivo.
2. Experimental
2.1. Synthesis of nanocrystalline apatites
The sample hap-1d, a non-carbonated nanocrystalline apatite, was
synthesized at room temperature by double decomposition in
aqueous medium of a solution of calcium nitrate (Ca(NO3)2·4H2O,
52.2 g in 750 ml) and a solution of ammonium hydrogenphosphate
((NH4)2HPO4, 120 g in 1500 ml). The sample hac-1d, a carbonated
nanocrystalline apatite, was obtained by a similar protocol but adding
sodium hydrogencarbonate to the phosphate solution ((NH4)2HPO4,
90 g and NaHCO3, 90 g in 1500 ml). Such starting proportions,
exhibiting an excess of phosphate ions, were chosen in order to
remain under phosphate buffering during the whole precipitation
time and allow nanocrystalline apatite formation. In this work,
sodium hydrogencarbonate was preferred to the ammonium salt as
the carbonate source, due to the usual presence of carbamate
impurities in the latter. The sodium content of the carbonated
powders was followed. The precipitates were left maturating in the
mother solution for 1 day, ﬁltered, washed with deionized water and
freeze-dried.
2.2. Ion exchange experiments
Direct ion exchange experiments have been carried out at two
selected temperatures, 22 °C and 37 °C, as speciﬁed in the text, by
soaking the samples in a solution containing the target ion, namely
Mg2+ or Sr2+, using a constant solid-to-liquid ratio (200 mg powder in
50 ml solution). The duration of the immersion in the exchange
solution was set to 12 min (2 min under stirring and 10 min static).
This duration was found to be sufﬁcient to lead to a stabilized amount
of Mg2+ or Sr2+ ions ﬁxed on the apatite crystals. Indeed, an increase of
the duration of the exchange experiment between 12 min and 1 h did
not lead to an increased amount of ions ﬁxed.Table 1
Chemical-physical characteristics for hap-1d and hac-1d
Sample ref. Ca/P (mol) Ca/(P+C) (mol) Mean crystal size (Å
(002) (310
hap-1d 1.46 1.46 265 60
hac-1d 1.53 1.41 140 45
a Formula unit: Ca10− (x −u)(PO4)6 − x(HPO4, CO3)x(OH)2 − (x −2u) with 0≤x≤2 and 0≤2u≤x.For the establishment of ion exchange isotherms, the ion concentra-
tion in the exchange solution was varied in the range 0–3.5 M and
equilibrated concentrations were considered. After exchange experi-
ment, thepowderwasﬁltered,washedwithdeionizedwater and freeze-
dried.
Inverse exchange experiments were performed in a similar way as
above by soaking pre-exchanged samples in a solution containing Ca2+
ions at varying concentrations, for 12 min, and the powders were
ﬁltered, washed with deionized water and freeze-dried.
2.3. Characterization techniques
The chemical composition of the apatites synthesized was
determined by complexometry for the determination of the calcium
content, by spectrophotometry for the total phosphate content (sumof
PO43− and HPO42−), and by coulometry (UIC Coulometrics) for the
measure of the amount of carbonate, which is determined from the
extent of CO2 released upon treating the samples in acidic conditions.
The amount of HPO42− ions present in the sample hap-1d was
determined indirectly by comparison of the data obtained by spectro-
photometry [2] before and after heating the sample at 600 °C, this
heating treatment leading to the conversion of HPO42− to P2O74−, not
measurable by UV–visible spectrophotometry (Hitachi U1100). Note
that the determination of the HPO42− content was not possible on the
carbonated sample due to a parallel reaction between HPO42− and
carbonate species.
The crystal structure of the samples was investigated by powder X-
ray diffraction using an Inel diffractometer CPS 120 and the
monochromatic CoKα radiation (λCo=1.78892 Å). The acquisition
time was set to 15 h.
The speciﬁc surface area, Sw, of the samples was determined using
the BET method (nitrogen adsorption) on a Nova 1000 Quantachrome
apparatus.
Fourier transform infrared (FTIR) analysis was carried out on a
Perkin Elmer 1700 spectrometer with a resolution of 4 cm−1, using the
KBr pellet method.
The magnesium and sodium content of the samples was
determined by atomic absorption (Perkin Elmer A-Analyst 300) after
dissolution in perchloric acid. The strontium content wasmeasured by
ICP-MS (Perkin Elmer Elan 6000).
3. Results and discussion
3.1. Powder characterization
Synthetic non-carbonated, hap-1d, and carbonated, hac-1d, apatites
were prepared in this work. Their apatitic structure was assessed by
XRD. Their main physical–chemical characteristics are reported in
Table 1. TheCa/(P+C)mole ratiowas found to be 1.46 forhap-1dand1.41
for hac-1d. These values, noticeably lower than 1.67, point out the high
non-stoichiometry of these compounds. Also, a HPO42− content close to
1.10 ions per unit formula Ca10− (x−u)(PO4)6−x(HPO4)x(OH)2− (x−2u) was
evaluated from experimental data for the sample hap-1d, which is
another element indicating its non-stoichiometry. Due to the use of a
sodium salt as carbonate source for the preparation of the sample hac-
1d, the initial sodium content of hac-1d was also measured (0.37 wt.%).) HPO42− (mol per unita) xCO3 (mol per unita) Sw (m2/g)
)
~1.10 – 119
Not determined 0.46 144
Fig. 2. Mg2+ uptake on hap-1d and hac-1d after direct and inverse exchange with Ca2+.Taking into account the presence of sodium in hac-1d leads to the
“corrected” compositional ratio (Ca+Na)/(P+C)≅1.43, which is a better
parameter for the evaluation of the non-stoichiometry of this
compound.
Biological apatites have been shown to be composed of nanosized
plate-like crystals [17]. The mean crystal dimensions were estimated
here from X-ray diffraction data based on Scherer's formula applied to
peaks (002) and (310) and the results (Table 1) indicate that both
samples are nanocrystalline, with crystal sizes comprised between
140 and 265 Å in length and with an average between their width and
depth in the range 45–60 Å.
FTIR analysis on the sample hac-1d (Fig.1) indicated the presence of
absorption bands at 1466 (broad) and 1421 cm−1 and in the region
850–900 cm−1. In this last region, a close examination reveals the
presence of three overlapped contributions, whose positions were
determined by the proﬁle analysis software as amaximumat 874 cm−1
and two shoulders at 878 and 867 cm−1 (Fig. 1). These band positions
differ slightly from typical B-type carbonated apatites and show some
similarities with amorphous carbonate species. This can, most
probably, be related to the presence of labile carbonates on the surface
of the crystals [18].
3.2. Experimental results for Mg/Ca and Sr/Ca exchanges
In order to approach a mathematical description of ion exchange
isotherms, a ﬁt to the Langmuir model was applied, which can be
described by the equation:
Na ¼ Nm  b  C1þ b  C ð1Þ
where Na is the amount of ions ﬁxed (µmol/m2 of apatite powder), Nm
is the maximum exchange amount for this ions (µmol/m2), b is the
afﬁnity constant (l/mol) of the solid and C is the concentration of the
ion at equilibrium (mol/l) in the exchange solution.
The amount of magnesium ﬁxed on the samples hap-1d and hac-
1d after direct Mg2+→Ca2+ exchange (meaning magnesium replacing
calcium), at 22 °C, was determined by atomic absorption. The
corresponding isotherms are plotted in Fig. 2.
In these conditions, the reﬁned value ofNm isNm=5.3 µmolMg2+/m2
for hap-1d (0.63 mmol Mg2+/g) and Nm=5.6 µmol Mg2+/m2 for hac-1d
(0.81mmolMg2+/g). It is interesting tonote that themaximumexchange
amount for magnesium is greater in the case of the carbonated apatite.
The afﬁnity constants derived fromthe Langmuirﬁt are close to 6.2 l/mol
for hap-1d and 12.7 l/mol for hac-1d. Despite some scattering of
experimental points, and the fact that the Langmuir model only
approximates the samples behavior, these values clearly point out aFig. 1. FTIR spectrum of hac-1d, with positions of carbonate absorption bands.greater afﬁnity for magnesium in the case of the carbonated sample
(Table 2).
Some exchange experiments were also carried out close to
physiological temperature (37 °C) and the data points obtained have
been added in Fig. 2. As can be seen, no signiﬁcant differences were
observed between the direct Mg2+→Ca2+ exchanges obtained at 37 °C
and at 22 °C.
The results obtained with the direct Sr2+→Ca2+ exchange show
general trends similar to Mg2+→Ca2+. The corresponding isotherms
obtained at 22 °C and ﬁtted to the Langmuir model are plotted in
Fig. 3. In this case, the maximum exchange amounts are Nm=6.3 µmol
Sr2+/m2 for hap-1d (0.75 mmol Sr2+/g) and Nm=8.6 µmol Sr2+/m2 for
hac-1d (1.24mmol Sr2+/g), with afﬁnity constants b close to 25.0 l/mol
for hap-1d and 29.1 l/mol for hac-1d. As for magnesium, the
parameters Nm and b obtained for strontium are greater in the case
of the carbonated sample. In addition, these Nm values show that the
uptake of Sr2+ ions is notably greater than that of Mg2+, for both kinds
of apatites.
The amount of sodium present in hac-1d after ion exchange with
magnesium and strontium ions, respectively, was measured. For both
ions, this amount was close to 0.22 wt.% for a concentration in the
exchange solution of 1 M. This value is similar to the one (0.24 wt.%)
obtained after washing hac-1d in deionized water using the same
washing protocol as for the exchange experiments. The comparison of
these values with the initial sodium content (0.37 wt.%) indicates that
in all cases part of the sodium initially present in the sample hac-1dTable 2
Langmuir parameters for Ca2+/Mg2+ and Ca2+/Sr2+ exchanges on hap-1d and hac-1d
Sample Maximum exchange
amounta, Nm (mmol/g)
Estimated afﬁnity
constanta, b (l/mol)
Mg2+ Sr2+ Mg2+ Sr2+
hap-1d 0.63 0.75 6.2 25.0
hac-1d 0.81 1.24 12.7 29.1
a Values derived from Langmuir ﬁt.
Fig. 3. Sr2+ uptake on hap-1d and hac-1d after direct and inverse exchange with Ca2+.was eliminated during the washing process, and no noticeable effect
of the ion exchange on the sodium content of hac-1d was observed,
meaning that Na+ ions do not participate to the calcium/magnesium or
calcium/strontium exchanges.
The inverse exchanges Ca2+→Mg2+ and Ca2+→Sr2+ were also
investigated, with the aim of determining the proportion of Mg2+
and Sr2+ ions ﬁxed in a reversible way on the samples. After inverse
exchange carried out in a calcium-rich solution, the amounts of Mg
and Sr remaining in the solids hap-1d and hac-1d were measured and
the comparison of theMg and Sr contents after direct and after inverse
exchange is shown in Fig. 4, for the concentration 1 M for the ion
exchange solution. As can be seen, the vast majority of the Mg2+ and
Sr2+ ions ﬁxed after direct surface exchange was released during
inverse exchange, as the proportions of reversible uptake were closeFig. 4. Comparison of Mg and Sr contents after direct and inverse exchange, at 22 °C, on
hap-1d and hac-1d (the percentages represent the proportion of irreversibly ﬁxed ions
in each case).to 85% for magnesium and 75–80% for strontium. These values are of
the same order as the ones reported in an earlier study [7]. Only slight
differences on this proportion were observed between hap-1d and
hac-1d. For inverse exchange experiments performed at 37 °C, slightly
smaller Mg contents were found to remain in the solids, pointing out
an increase in magnesium exchangeability (~93%) at this temperature.
This indicates that for apatites matured for one day (i.e. hap-1d and
hac-1d), most of the magnesium and strontium remain exchangeable.
Inverse exchange experiments carried out with varying calcium
concentrations, in the range 0.2–1 M, led to similar reversible/
irreversible results.
In order to follow quantitatively the effects of such ion exchange
processes, ionic contents in the apatite powders were measured
experimentally after direct and reverse exchanges, as well as after
another Mg/Ca exchange cycle. In a typical example, Fig. 5 illustrates
the calcium and magnesium contents measured in the powder hac-1d
in the case of Mg/Ca/Mg exchanges. It shows that, in all cases, the total
amount of ions Ca+Mg remains constant, whereas the change in Mg
content incorporated in the solid after Mg/Ca exchanges coincides
well with the change in Ca content.
3.3. Discussion on surface ion exchange mechanism
The experimental results reported here point out the greater
ability for carbonated apatites to ﬁx cations such as Mg2+ and Sr2+ as
compared to non-carbonated samples. McClellan et al. [19] have
reported a correlation between the magnesium and carbonate
contents in sedimentary carbonated apatites. These authors suggested
that Mg2+ and CO32− substitutions could combine to enable the
structure to physically compensate each other. Legeros [20] also
reported that the presence of carbonate ions increased the Mg2+
content in hydroxyapatite precipitated from aqueousmedia. However,
these works dealt with apatites precipitated in the simultaneous
presence of magnesium and carbonate ions and not, as is the case
here, with carbonated apatites enriched in magnesium by subsequent
ion exchange in a Mg2+-containing solution.
The results obtained from inverse ion exchange experiments
indicate that the vast majority of Mg and Sr ions (except for samples
maturated for extended periods of time [7]) is reversibly ﬁxed on such
apatites and can be released in a solution concentrated in Ca2+ ions.
The reversibility of the exchanges Ca2+/Mg2+ and Ca2+/Sr2+ shows that
Ca2+ ions can re-enter the sample surface, provoking the simultaneous
release of Mg2+ or Sr2+ ions respectively. Moreover, it was shown in an
earlier study [7] that the exchangeability of strontium decreased with
the maturation of the apatite, suggesting that Sr was eventuallyFig. 5. Mg2+ and Ca2+ contents in hac-1d after successive direct and reverse exchange
processes.
Fig. 6. Effect of Mg2+/Ca2+ exchange on FTIR spectra (ν3(PO4) region) for non-matured
apatites, and comparison with OCP.
Fig. 7. XRD patterns for hap-1d and hac-1d illustrating a difference in crystallinity state.included in the apatitic structure, probably in growing apatitic
domains, in an irreversible way.
Based on these considerations, it is reasonable to state that the ion
exchanges performed in the present work occur principally on the
surface of the nanocrystals rather than in their apatitic core. This is
supported by the fact that crystal size remained unchanged after ion
exchange. Although the hypothesis of the formation of a secondary
phase containing respectively Mg and Sr was once considered to
explain Mg and Sr uptakes, it does not seem to account for all the
experimental facts discussed above (high reversibility of exchange,
amount of exchanging ions coinciding with change in Ca2+ ions,
rapidity of exchange) and XRD patterns did not show the presence of
other phases. In addition, it was shown [21] that rapid exchanges with
magnesium or carbonate ions led to noticeable, but reversible,
modiﬁcations of the hydrated layer, observable by FTIR, without
changes in the long-range order (unmodiﬁed XRD patterns). Such
modiﬁcations are illustrated here in Fig. 6 in the ν3(PO4) wavenumber
region. This ﬁgure shows that numerous shoulders are clearly visible
for immature apatites, and that these shoulders are highly similar to
the ones observed for OCP (also reported in Fig. 6). In contrast, the
ﬁgure shows that these shoulders tend to smooth out after exchange
with magnesium ions. This lower resolution observed after Mg/Ca
exchange indicates that the phosphate chemical environments are
locally (reversibly) disturbed. Interestingly, this phenomenon was
observed to be reversible.
These ﬁndings suggest that an ion exchange mechanism based on
hetero-ionic substitutions between Ca2+ ions (from the hydrated layer
of apatite nanocrystals) and Mg2+ or Sr2+ ions (from the “exchange”
solution) is the most plausible interpretation. Such a mechanism is
also strongly supported by the fact that the amount of ions
incorporated via exchange process coincides with the amount of
ions released in solution, as was shown above (see Fig. 5).
3.3.1. Effect of carbonate ions
The greater Mg and Sr uptakes (both per square meter and per
gram) observed after ion exchange on the carbonated apatite sample
could be related to structural differences existing between hap-1d and
hac-1d, especially involving the crystals surface.
It was recently inferred that the presence of a hydrated layer on the
surface of nanocrystalline apatite crystals could testify to their mode
of formation in solution from isolated ions or hydrated clusters [10].
Also, carbonate ions have been shown to be growth inhibitors for the
apatitic structure [22]. Therefore, if the same experimental conditions
(temperature and duration of maturation in mother solution) are used
to prepare a carbonated and a non-carbonated apatite, the carbonated
sample is bound to be more immature, i.e. to have evolved lessmarkedly towards a more stable apatitic phase. This difference would
then lead to a greater proportion of hydrated layer as compared to the
bulk, which would in turn increase the possible uptake of foreign ions
through surface ion exchanges. An element illustrating this difference
between carbonated and non-carbonated samples prepared in similar
conditions is the lower crystallinity of the carbonated sample (Fig. 7).
3.3.2. Effect of the nature of the ion exchanged
Another important result drawn from Figs. 2 and 3 is the greater
uptake observed with strontium as compared to magnesium, for both
kinds of apatites.
As wasmentioned above, in the case of rapid surface exchanges the
Mg and Sr uptakes are bound to take place within the hydrated layer
present on the nanocrystals, through hetero-ionic substitution for
calcium ions. Interestingly, Aoba et al. [23] showed that Mg2+ and Ca2+
could readily replace each other at surface adsorption sites of
biological and synthetic apatites. In a similar way, Fuierer et al. [24]
explained the inhibitory effect of magnesium on the growth of HAP by
the competitive adsorption of Ca2+ and Mg2+ at active growth sites.
More recently, Ouadiay and Taitai [25] also concluded from their study
on the interaction of Mg2+ with apatitic OCP that these ions were ﬁxed
on speciﬁc sites generally occupied by calcium.
The exact structure of this hydrated layer has not yet been
determined in detail, which is partly due to its relative fragility and
alteration upon drying. Some spectral features indicated however
similarities between nanocrystalline apatites and OCP (triclinic) [8]
which is a hydrated phase. It is interesting to remark that the structure
of triclinic OCP Ca8(PO4)4(HPO4)2·5H2O is composed of a succession of
“apatitic layers” and “hydrated layers” stacked alternatively along the
(Ox) axis [26]. Within the “apatitic layers”, the positions of all atoms
correspond very closely to those in HAP. The alternating “hydrated
layers” in OCP contain the remaining calcium ions, the HPO42− ions and
the water molecules present in the structure. It is worthwhile noting
that the hydrolysis of OCP to apatite is undergone without modiﬁca-
tion of crystal morphology and that OCP has been considered as a
precursor for biological apatite formation [27]. These points illustrate
the strong relationship existing between OCP and apatite.
Like the alternating “hydrated layers” in OCP, the hydrated layer
present on nanocrystalline apatites mostly involves bivalent ions and
water, with HPO42− ions located in non-apatitic environments [5].
Strong analogies have also been unveiled by FTIR for the ν3(PO4)
vibration mode between OCP and apatite nanocrystals [8]. These
elements suggest that, although carbonate ions have not been
observed in triclinic OCP, some parallel between the interface
“hydrated layer”/“apatite layer” in OCP and the interface “hydrated
layer”/“apatitic core” in nanocrystalline apatites can bemade (keeping
inmind that in OCP a constitutive hydrated layer is surrounded by two
apatitic layers, whereas in nanocrystalline apatites, the hydrated layer
is present at the surface of the nanocrystals). Unfortunately, very few
works have dealt with cationic substitutions or adsorption on OCP
Fig. 8. Structure of triclinic OCP (hydrogen atoms were omitted for clarity).and, to our knowledge, no discussion on site occupancies in OCP was
reported. Legeros [28] reported that OCP, among other phases, could
tolerate some structural imperfections and accommodate foreign ions.
Also, Tung et al. [29] studied the adsorption of Mg2+ on synthetic OCP
and showed that these ions were readily adsorbed with a Langmuir-
like behavior with Nm=1.24 µmol/m2 (31.19 µmol/g with Sw=
25.16 m2/g). This value is about 4.3 times lower than the one observed
for magnesium uptake on hap-1d.
Among the physical–chemical parameters playing a potential role
in substitution mechanisms, ionic charges and relative sizes are often
major factors2. In the present case, the ions Ca2+,Mg2+ and Sr2+ have the
same +2 charge (alkali-earth). Table 3 gathers the effective ionic radii
reported by Shannon [30] for Ca2+, Mg2+, and Sr2+ in six-, seven-, and
nine-fold coordinations. This table shows that, generally speaking, Ca2+
ions are larger than Mg2+, but smaller than Sr2+. Therefore a
consideration based solely on ion sizes of Sr2+ and Mg2+ does not
seem to explain the data pointingout a greater uptake for the larger ion
(Sr2+).
A possible explanation for the different behaviors observed for Mg
and Sr could be that these ions substitute for calcium in distinct
crystallographic sites. The existence of different site preferences for
Sr2+ and Mg2+ has already been discussed in the literature in the case
of stoichiometric apatites, in which Sr2+ ions were found to
preferentially occupy Ca(II) apatitic sites [31,32] whereas Elliott [2]
suggested that Mg2+ ions most probably occupied preferentially Ca(I)
“columnar” sites. In the case of surface exchanges within the hydrated
layer of nanocrystalline apatites, no data are however available so far
on the nature of the calcium sites.
In OCP, the calcium ions of a formula unit Ca8(PO4)4(HPO4)2·5H2O
occupy eight distinct crystallographic sites. Fig. 8 depicts the
crystallographic structure of an OCP unit cell (triclinic, space group
P-1, Z=2) drawn from the atomic positions and unit cell parameters
given by Mathew et al. [33] and using the CaRIne Crystallography 3.1
software. The limits at x=1/4 and x=3/4 between hydrated layer and
apatitic layer2 have been indicated, and the eight calcium sites of a
formula unit have been numbered according to earlier literature
reports [34]. Among these sites, Ca1, Ca2, Ca5 and Ca8 are embedded
in an apatitic layer (Fig. 8), whereas sites Ca3 and Ca4 are located
within a hydrated layer. Due to their location close to the interface
between hydrated layer and apatitic layer, the remaining two
calcium sites Ca6 and Ca7 can probably be considered as an
intermediate category of cation sites. If some parallel can be made
between OCP and the surface of nanocrystalline apatites, as was
discussed above, then the existence of similar categories of calcium
sites probably also applies to the surface of such apatites. Although
the diffusion of a substituting ion up to cation sites totally embedded
in the apatitic core (like Ca1, Ca2, Ca5 and Ca8 in OCP) is presumably
energetically hindered at the low temperatures involved here for the
ion exchanges, the substitution in (i) calcium sites totally located in
the surface hydrated layer and (ii) calcium sites in the vicinity of the
interface between hydrated layer and apatitic core seems concei-
vable. Then, different abilities of substituting ions like Mg2+ and Sr2+
to reach these various sites could explain in part the differences in
behavior observed.
However, other factors could also affect ion substitutions. From a
thermodynamical point of view, the ion exchange between Me2+ ionsTable 3
Effective ionic radii (in Å) for Ca2+, Mg2+, and Sr2+ (Shannon, 1976)
Ion Coordination
Six-fold Seven-fold Nine-fold
Ca2+ 1.00 1.06 1.18
Mg2+ 0.72 – –
Sr2+ 1.18 1.21 1.31(Me=Mg, Sr) from a solution and Ca2+ ions from the hydrated layer on
an apatite nanocrystal can be described by the equilibrium:
Ca2þhydrated layer þMe2þsolution$
KMe Ca2þsolution þMe2þhydrated layer ð2Þ
where KMe is the constant of the equilibrium. Although KMe is not
available to-date for magnesium and strontium, this constant is likely
to take different values for Mg2+ and Sr2+ which exhibit different
behaviors in aqueous solution. Indeed, due to the larger size of Sr2+
ions, the aquo complex formed with water, [Sr(H2O)6]2+, is more
diffuse and less energetic [35] than the complex [Mg(H2O)6]2+
involving magnesium. The strong stability of the latter represents
thus a potentially limiting step for the achievement of Eq. (2), where
the decomposition of the complex [Mg(H2O)6]2+ is required for the
incorporation of free Mg2+ ions in cationic sites of the hydrated layer,
and this could explain at least partly the greater afﬁnity for strontium.
From the equilibrium described by Eq. (2), Le Chatelier's law
indicates that the direct exchange is favored for high concentrations of
exchanging cation Me2+ in the exchange solution, since for moderated
concentrations the released Ca2+ ions could readily re-enter the
hydrated layer. This consideration, along with the stability of the aquo
complex [Me(H2O)6]2+, probably explains that high concentrations (as
compared to the amount of ions ﬁxed during exchange) are required
in order to observe a noticeable concentration effect.
A close analysis of the data points obtained after inverse exchanges
on hap-1d and hac-1d (see Figs. 2 and 3) reveals that, for a given
apatite and exchanging ion, the amount of irreversibly ﬁxed Mg2+ and
Sr2+ ions is rather constant independently of the concentration of the
exchange solution used during the direct exchanges. These ﬁndings
tend to point out the existence of a pre-determined capacity to host
foreign cations in an irreversible way, depending only on the
characteristics of the apatite and on the nature the exchanging ion.
This phenomenon could be linked to the involvement of two kinds of
cationic sites, as discussed above: sites located within the hydrated
layer and sites situated at the interface between hydrated layer and
apatitic core. The amount of irreversibly ﬁxed ions could be linked to
the incorporation of foreign cations in crystallographic sites located at
the interface between the apatitic core and the hydrated layer, since
these sites are presumably more likely to become part of the growing
(stable) apatitic domains, whose expansion is thermodynamically-
driven during maturation in solution. The invariability of the
irreversible/reversible ratio for varying Ca concentrations in the
inverse exchange solution goes in favor of the above hypothesis,
locating such irreversibly ﬁxed ions on crystallographic sites present
at the interface between hydrated layer and apatitic core, and
susceptible to irreversibly enter the stable apatitic lattice.
4. Conclusions
Aqueous ion exchange experiments involving magnesium and
strontium ions were carried out on biomimetic carbonated and non-
carbonated nanocrystalline apatites. For a given exchanging ion, the
related isotherms showed that a greater exchange amount was
reached on the carbonated sample, which was linked to a more
developed surface hydrated layer than on the non-carbonated sample,
probably linked to the apatite-growth inhibiting effect of CO32− ions. In
addition, a greater afﬁnity of both kinds of apatites was found for
strontium as compared to magnesium.
Possible ion exchange mechanisms were discussed, and the ex-
perimental results reported in this contribution favor the hypothesis
of hetero-ionic exchanges (Mg2+↔Ca2+, Sr2+↔Ca2+) within the
hydrated layer, rather than substitutions in the apatitic core or the
formation of a secondary phase. This is in particular evidenced by the
high reversibility of the exchanges and the nearly 1:1 substituting
ratio observed. These ion exchanges might involve different site
preferences among the cation sites present within the hydrated layer
and at the interface between the hydrated layer and the apatitic
core, which in turn could be related to the stability of [Me(H2O)6]2+
(Me=Mg, Sr) complexes in solution.
These ﬁndings shed light on the interaction of biomimetic apatites
with bioactive mineral ions, and should prove useful in the ﬁeld of
bone tissue reconstruction, in particular for the surface activation of
apatite-based powders and scaffolds with ions of biological interest, as
well as for the comprehension of biomineralization processes linked
to the regulation of mineral ions in body ﬂuids.
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